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Related Applications 
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60/423,804, filed November 5, 2002, the disclosure of which is incorporated by 
reference herein in its entirety. 

Field of the Invention 

The present invention concerns methods of hydrogenating polymers such as 
polystyrene. 

Background of the Invention 

Hydrogenation of some commercial polymers can produce new polymeric 
materials that are difficult or expensive to synthesize by other means, e.g., by 
polymerization of the corresponding monomer(s). For example, polystyrene (PS) can 
be hydrogenated to produce polyvinyl cyclohexane) (PVCH). The glass transition 
temperature of PVCH is about 50 °C higher than that of PS (150 °C versus 100 °C), 
and PVCH may be able to compete with poly(bisphenol A carbonate), a more 
expensive polymer than PS, in some high-temperature applications. 

Despite the potential advantages of hydrogenating inexpensive, commercially- 
available polymers to create more valuable materials, hydrogenation of polymers is 
not widely practiced on a commercial scale. A solid catalyst is required to carry out 
such hydrogenations selectively, at a reasonable rate. The viscosity of a solution of 
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polymer in a solvent is very high, even if the concentration of the polymer in the 
solution is relatively low. The high viscosity of the polymer solution causes at least 
two serious problems: First, if the hydrogenation is carried out by suspending small 
catalyst particles in the polymer solution, these particles are very difficult to separate 
from the final solution of the hydrogenated polymer when the reaction is complete. 
Because of the high viscosity of the solution, separation techniques such as filtration, 
sedimentation, and centrifugation can become impracticably slow. Second, the high 
viscosity of the solution causes the heat and mass transfer coefficients to be low 
between the solution and the catalyst particles, and between the solution and the fluid 
phase that contains the H2. These low coefficients, in turn, lower the rate of 
hydrogenation and increase the temperature of the catalyst particles. The higher 
temperature of the catalyst particles can lower the selectivity of the reaction, i.e., 
undesired hydrogenation reactions such as chain scission can occur. 

In a conventional hydrogenation, using a catalyst with a small particle size 
(0.1 to 100 ^im) that is dispersed in the liquid phase, the transport limitation between 
the gas phase and the liquid (polymer solution) can be reduced or eliminated by 
employing a high rate of mechanical agitation. This is illustrated in Figure 1, which 
shows the results of hydrogenating a solution of polystyrene in decahydronaphthalene 
in a 50 cc stirred autoclave equipped with a mechanical agitator. The extent to which 
the phenyl groups of polystyrene have been hydrogenated in a fixed period of time, at 
a fixed set of conditions, is plotted against the rotational speed of the agitator. Note 
that the extent of ring hydrogenation increases as the rotational speed of the agitator is 
increased, up to a speed of about 2000 rpm. Above 2000 rpm, the rate of ring 
hydrogenation is no longer sensitive to stirring speed. This shows that an agitation 
rate of greater than 2000 rpm is required to essentially eliminate the resistance to H 2 
transfer between the gas phase and the liquid phase at the conditions of Figure 1. 

Unfortunately, varying the rotational speed or the design of the agitation 
system has no little or no effect on the transport resistance between the liquid phase 
and a small catalyst particle that is suspended in the liquid. Moreover, the agitation 
rate/agitator design has no effect on the internal (pore diffusion) transport resistance. 
Consequently, increasing the agitation rate is only a partial solution to the second 
problem described above, and it does not contribute to solving the first problem. 
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Accordingly, there is a need for new techniques for carrying out hydrogenation 
reactions on polymers. 



The present invention provides a method of hydrogenating a polymer. In 
general, the method comprises: 

(a) providing a dense phase, the dense phase comprising, consisting of or 
consisting essentially of a polymer in a solvent; 

(b) providing a catalyst system, the catalyst system typically comprising at 
least one metal hydrogenation catalyst and preferably comprising at least one metal 
hydrogenation catalyst immobilized on a solid support or particle; and 

(c) providing a light phase, the light phase comprising, consisting of or 
consisting essentially of hydrogen and carbon dioxide; and 

(d) contacting the dense phase, the light phase and the catalyst system under 
conditions in which the hydrogen reacts with the polymer and hydrogenates the 
polymer. 

The present invention is explained in greater detail in the drawings herein and 
the specification set forth below. 



Figure 1 shows the effect of agitation speed on degree of hydrogenation. 
Conditions: 3 weight percent polystyrene in decahydronaphthalene; 150 °C, 750 psig 
H 2 pressure; 1 g. catalyst/g. polystyrene; 10 h. reaction time. Catalyst: 5 wt.% 
Pd/BaS0 4 (Engelhard). 

Figure 2 shows the effect of agitation speed on degree of hydrogenation. 
Conditions: 3 weight percent polystyrene in decahydronaphthalene; 150 °C, 750 psig 
H 2 pressure; 2250 psig C0 2 pressure, 1 g. catalyst/g. polystyrene; 10 h. reaction time. 
Catalyst: 5 wt.% Pd/BaS0 4 (Engelhard). 

Figure 3 shows the effect of C0 2 pressure on degree of hydrogenation. 
Conditions: 3 weight percent polystyrene in decahydronaphthalene; 150 °C, 750 psig 
H 2 pressure; varying C0 2 pressure, 1 g. catalyst/g. polystyrene; 10 h. reaction time. 
Catalyst: 5 wt.% Pd/BaS0 4 (Engelhard). 

Figure 4 shows the effect of the presence or absence of carbon dioxide on the 
degree of hydrogenation for various catalysts. Conditions: 3 weight percent 



Summary of the Invention 



Brief Description of the Drawings 



3 



WO 2004/052937 



PCT/US2003/035217 



polystyrene in decahydronaphthalene; 150 °C, 750 psig H 2 pressure, 1 g. catalyst/g. 
polystyrene; 10 h. reaction time. 

Figure 5 shows the solubility of 10 wt.% polystyrene in various solvents at 
120 °C at various CO2 pressures. KEY: No mark - PS insoluble; x - one fluid phase; 
+ - two fluid phases; s - precipitation of polymer. l~n-hexane, 2-tetradecane, 3-n- 
hexylcyclohexane, 4-tetrahydrofuran, 5~cyclohexane, 6-methylcyclohexane, 7— 
ethylcyclohexane, 8— a-phellandrene, 9— isopropyl benzoate, 10— 
decahydronaphthalene, 1 1-dicyclohexyl, 12-cyclohexylbenzene, 13 — 
tetrahydronaphthalene. 

Detailed Description of the Preferred Embodiments 

As noted above, the present invention provides a method of hydrogenating a 
polymer. Suitable polymers that can be used to carry out the present invention 
include, but are not limited to, polystyrene, poly(bisphenol A carbonate), 
poly(ethylene terephthalate), polybutadiene and copolymers thereof, and polyisoprene 
and copolymers thereof. Hydrogenated polymers are produced from the foregoing; for 
example polystyrene can be hydrogenated by the method of the invention to produce 
polycyclohexylethylene. 

Solvents for polymers as described above are, in general, organic solvents. 
The solvent should be chosen so that the polymer is soluble in the solvent both before 
and after the application of the carbon dioxide. In general, suitable solvents for the 
reaction are saturated, fused ring, aliphatic compounds that may contain or be 
substituted with (preferably saturated) alkyl groups {e.g., linear or branched C1-C4 
alkyl). Examples of suitable solvents include but are not limited to dicyclohexyl, 
cyclohexylbenzene, tetrahydronaphthalene, etc. Note that, when the solvent is 
unsaturated at the beginning of the hydrogenation reaction, the solvent itself can be 
hydrogenated as the reaction progresses. Hence, unsaturated aliphatic solvents that 
are subsequently hydrogenated and saturated can also be used to carry out the 
invention. Figure 5 sets forth data on illustrative solvents that can and cannot be used 
to carry out the present invention. 

The metal hydrogenation catalyst may be any suitable catalyst, including but 
not limited to platinum, palladium, rhodium, copper, molybdenum, rhenium, tungsten, 
cobalt, and combinations thereof. In some embodiments, the inclusion of nickel or 
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ruthenium as the catalyst (the sole catalyst or in combination with other catalysts as 
described above) is preferred. Without wishing to be bound to any particular theory 
for the present invention, it is believed that nickel and ruthenium, which are 
methanation catalysts as well as hydrogenation catalysts, facilitate the methanation 
reaction: CO + 3H 2 -> CH4 + H 2 0, thereby converting CO that might otherwise 
poison the catalyst to an innocuous form. Hence, in some embodiments, the catalyst 
system includes at least one metal methanation catalyst, which may be the same or 
different from the metal hydrogenation catalyst. 

Metal catalysts are generally coupled to or immobilized on a solid support. 
Any suitable support (generally porous particles or beads) may be utilized. Suitable 
solid supports include but are not limited to carbon (including activated carbon), 
silica, alumina, silica-alumina, calcium carbonate, and barium sulfate. Where two or 
more different metal catalysts are used in the catalyst systems, the different metals 
may be on the same support or on different supports. The size of the catalyst particle 
is not critical, and will generally depend upon the reaction apparatus employed, with 
fixed-bed reactors utilizing larger-sized particles than slurry reactors. In general, 
from about 0.1 to 1 weights of catalyst system per weight of polymer is utilized, or 
included, in the contacting step. A homogeneous catalyst that is soluble in the dense 
phase may also be used. 

The dense phase, as noted above, comprises a polymer and a solvent. In 
general, the catalyst particles are suspended in the dense phase. In general, from 0.1 to 
10 or 20 weight percent of the polymer is included in the dense phase. The dense 
phase is preferably a liquid. The dense phase may be a viscous liquid, in general 
having a viscosity of from 1 to 10 or even 100 centipoise (at reaction temperature 
before the hydrogenation reaction begins). The viscosity of the dense phase is 
preferably reduced by application of or contacting to the carbon dioxide, preferably to 
at least one half, and more preferably to at least one quarter of the viscosity prior to 
application of the carbon dioxide. In some embodiments the viscosity of the dense 
phase is reduced to one-tenth or less after contacting to carbon dioxide. 

In certain embodiments the heavy or dense phase consists essentially of 
solvent and polymer, without deliberate addition of other ingredient which do not 
participate in the reaction. Of course, such a heavy phase will necessarily have some 
small amounts of components of the light phase, e.g. carbon dioxide and hydrogen, 
partitioned therein. Similarly, in certain embodiments the light phase consists 
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essentially of carbon dioxide and hydrogen, without deliberate addition of other 
ingredients which do not participate in the reaction. Again, such a light phase will 
necessary have some small amounts of components of the heavy phase, e.g., polymer 
and solvent, partitioned therein. 

The contacting step may be carried out at a carbon dioxide pressure of 100 to 
1500, 2500 or 3000 psi or more, and with a hydrogen pressure of 100 to 1500 or 2000 
psi, or more. The light phase is preferably a supercritical fluid, though in some 
embodiments the light phase may be a gas. In general, the contacting step is carried 
out at a temperature of 0, 50 or 1 00 °C up to 200 or 300 °C. The contacting step may 
be a batch or continuous contacting step, and when a continuous step may be carried 
out in a slurry reactor (e.g., slurry bubble column reactors) or fixed bed reactor (e.g., 
trickle bed reactors, two-phase upflow reactors) in accordance with known 
techniques. The time of the contacting step is not critical and will depend upon the 
desired degree of polymer hydrogenation. In some embodiments the contacting step is 
carried out for a time of from 1 or 10 minutes to one or ten hours, or overnight or 
more. 

Hydrogenated polymers produced by the methods of the present invention are 
useful for a variety of purposes, including but not limited to polymers used in the 
manufacture of optical informations storage media such as DVD and CD discs. 

Depending upon the particular implementation of the present invention, 
embodiments of the present invention incorporate some or all of the following 
features. 

Polymers are hydrogenated in the presence of a high pressure of CO2 

1) A solvent is used that has a high solubility for the polymer and which 
allows the polymer to remain in solution in the presence of a high pressure 
ofC0 2 . 

2) The hydrogenation can be conducted using a fixed bed of catalyst. 

3) A catalyst can be deposited on a monolithic support for use in a fixed-bed 



4) A catalyst is used that has a low activity for the reverse water gas shift 



reactor. 



reaction. 
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5) A catalyst with a small particle size (0.1 to 100 \xm) is filtered out of the 
solution of hydrogenated polymer in the presence of a high partial pressure 
ofC0 2 . 

6) The process can be applied to any polymer with olefinic or aromatic 
unsaturation. 

A feature of this invention is that hydrogenation of the polymer is conducted 
in the presence of supercritical carbon dioxide (scC0 2 ). It is known that the viscosity 
of a polymer or a polymer solution is lowered when C0 2 is dissolved in the 
polymer/polymer solution. Therefore, carrying out the hydrogenation reaction in the 
presence of enough C0 2 to lower the viscosity of the polymer solution significantly 
should alleviate the problems described in item 2) listed above. Moreover, filtering 
the catalyst particles out of the polymer solution in the presence of enough C0 2 to 
lower the viscosity significantly should alleviate the problems described in item 1) 
listed above. 

An apparatus used to carry out the experiments shown in Figures 1-5 herein 
comprises a 50 ml autoclave fitted with an impeller. A carbon dioxide tank is 
connected through a control valve, a syringe pump, and a second control valve to a 
feed line, which feed line runs through a third control valve to the autoclave. A 
hydrogen tank is connected through a fourth control valve to the same feed line as the 
carbon dioxide tank, the two joining below the second control valve but above the 
third control valve. The autoclave is fitted with a pressure transducer and pressure 
indicator, a temperature sensor and temperature indicator, a sample port, a vent and a 
safety head. 

Figure 2 shows the results of hydrogenating a solution of polystyrene in 
decahydronaphthalene in the presence of a high pressure of C0 2 . This figure shows 
that the agitation rate that is required to eliminate the gas/liquid mass transfer 
resistance is less than 500 rpm, compared to 2000 rpm for the exact same conditions, 
but with no CO2 present. Although the viscosity of the solution was not measured in 
the presence and absence of C0 2 , it is very likely that the reduction in the required 
agitation rate was due to a much lower viscosity of the polymer solution as a result of 
the dissolved C0 2 . Thus, carrying out the hydrogenation in the presence of C0 2 
should provide a comprehensive solution to the problems described in 2) above, and 
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carrying out the filtration in the presence of C0 2 should make catalyst removal and 
recovery via filtration much faster and more complete. 

A comparison of Figures 1 and 2 shows one disadvantage of carrying out the 
hydrogenation in the presence of CO2. The maximum rate, as measured by the extent 
of ring hydrogenation in the flat portion of the curve, is lower in the presence of C0 2 
than it is without CO2. This effect is attributed to poisoning of the Pd/BaS04 catalyst 
by carbon monoxide (CO) and/or by H2O that is formed by the reverse water gas shift 
(rWGS) reaction: C0 2 + H 2 — » CO + H 2 0. 

The effect of varying the C0 2 pressure is shown in Figure 3. With the 
exception of the C0 2 pressure, all of the other variables in Figure 3 are the same as in 
Figures 1 and 2. The effect shown in Figure 3 is consistent, with the above 
explanation. 

It should be possible to avoid or minimize the negative effect of CO in several 

ways: 

1) CO can be reacted with another compound to form a species that is not 
harmful to the catalyst activity. Some possible reactions to remove CO 
are: (i)Tbe methanation reaction, CO + 3 H 2 -> CH4 + H 2 0. Methane 
(CH4) does not poison or inhibit most catalysts. This reaction, which is 
catalyzed by metals such as Ru and Ni, might be an effective means to 
"scavenge" CO, provided that the co-product, H 2 0, does not have a 
negative effect on the catalyst activity, (ii) The oxidation of CO to C0 2 by 
the mineral hopcalite (Mn0 2 /CuO). This oxidation takes place at room 
temperature. Hopcalite acts as a reagent (oxidizing agent), not as a 
catalyst. (Hi) Selective oxidation of CO in the presence of H 2 . Certain 
catalysts, e.g. Pt promoted by iron oxide, can selectively oxidize small 
quantities of CO (< 1%) in the presence of large quantities of H 2 . 
Consumption of CO is essentially quantitative, while very little H 2 is 
oxidized to H 2 0. 

2) A catalyst can be used that does not promote the water-gas shift reaction. 
Figure 4 suggests that different catalysts have different relative activities 
for polystyrene hydrogenation and for the water-gas shift reaction. Note 
that both 10% PdValumina and 10%Pd/activated carbon are more active for 
polystyrene hydrogenation and less sensitive to the presence of C0 2 that 
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the 5% Pd/BaS0 4 catalyst that was used for the experiments in Figures 1 
through 3. 

3) A continuous flow of H 2 can be used to sweep the CO out of the reactor 
essentially as fast as it is formed. 

The choice of the solvent in which the polymer is dissolved is a critical 
element of this invention. First, the solvent must be capable of dissolving a 
substantial quantity of polystryrene (greater than about 10 wt.%). Second, the 
polymer must remain in solution in the presence of a high pressure of CO2 at the 
temperature of the reaction. Figure 5 shows the results of testing various potential 
solvents at 120 °C. Cyclohexane (#5), which has been used by others as a solvent for 
polystyrene hydrogenation, is capable of dissolving 10 wt.% polystyrene. However, 
in the presence of no more than 1200 psig. of C0 2 , polystyrene precipitates from 
cyclohexane. On the other hand, with decahydronaphthalene (#10), the solvent that 
was used for the experiments in Figures 1 through 4, the polystyrene remains in 
solution until the CO2 pressure exceeds 2500 psig. 

Our experiments have also shown that it is desirable to use a solvent that is 
fully saturated. Hydrogenation of the solvent competes with hydrogenation of the 
polymer. Using a fully-saturated solvent reduces the amount of H 2 that is consumed, 
and reduces the time required to reach a given degree of polymer hydrogenation. 

As a result of the lower viscosity that results from carrying out the polymer 
hydrogenation in the presence of a high pressure of C0 2 , the process can be practiced 
either in a slurry reactor, with small (0.1 to 100 jim) catalyst particles, as was the case 
for Figures 1 though 4, or in a fixed-bed reactor, with either catalyst pellets or with a 

structured or random monolithic catalyst support. If a fixed-bed reactor is used, it is 

> 

not necessary to filter the catalyst particles out of the final, hydrogenated, polymer 
solution. The fixed-bed reactor may operate in either a downflow mode (trickle-bed 
reactor) or an upflowmode. 

The following non-limiting Examples are provided to further illustrate the 
present invention. 
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EXAMPLE 1 
Combination of Palladium and Nickel Catalysts 
This example was carried out the apparatus used in conduction with Figures 1- 
5 discussed above. A 25mL solution of 6wt % polystyrene (PS) in 
decahydronaphthalene solvent was combined with 1.4g Pd5%-BaS0 4 catalyst and 
0.04g Ni65%-Silica/Alumina catalyst and reacted at 150 °C in contact with 750psi H 2 
and 2250psi C0 2 at an impeller speed of 2500 rpm. Samples were taken every hour 
for five hours with the following results: 1 hr, hydrogenation degree (HD) is 31.4 %; 
2 hr, HD is 55.7%; 3 hr, HD is 73.4%; 4 hr, HD is 84.4%; 5 hr, HD is 93.6%. 

EXAMPLE 2 
Combination of Palladium and Nickel Catalysts 

This example was carried out the apparatus used in conjuction with Figures 1- 
5 discussed above. A 25mL solution of 6wt% polystyrene (PS) in 
decahydronaphthalene solvent was combined with 0.7g Pd5%-BaS0 4 catalyst and 
0.02g Ni65%-Silica/Alumina catalyst and reacted at 150 °C with 750psi H 2 and 
2250psi C0 2 at an impeller speed of 2500 rpm. Samples were taken every hour for 
five hours with the following results: 1 hr, hydrogenation degree (HD) is 22.9 %; 2 
hr, HD is 38.1%; 3 hr, HD is 52.8%; 4 hr, HD is 57.3%; 5 hr, HD is 64.0%. 

EXAMPLE 3 
Combination of Palladium and Nickel Catalysts 

This example was carried out the apparatus used in conjuction with Figures 1- 
5 discussed above. A 25mL solution of 9wt% polystyrene (PS) in 
decahydronaphthalene solvent was combined with 0.7g Pd5%-BaS0 4 and 0.02g 
Ni65%-Silica/Alumina and reacted at 150 °C in contact with 750psi H 2 , and 2250psi 
C0 2 at an impeller speed of 2500 rpm. Samples were taken every hour for five hours 
with the following results: 1 hr, hydrogenation degree (HD) is 7.4 %; 2 hr, HD is 
29.0%; 3 hr, HD is 37.7%; 4 hr, HD is 45.6%; 5 hr, HD is 50.5%. 

The foregoing is illustrative of the present invention, and is not to be construed 
as limiting thereof. The invention is defined by the following claims, with 
equivalents of the claims to be included therein. 
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